Dynamical dissociation of quarkonia by wave function decoherence by Kajimoto, Shiori et al.
Dynamical dissociation of quarkonia by wave function decoherence
Shiori Kajimoto,∗ Yukinao Akamatsu,† and Masayuki Asakawa‡
Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
Alexander Rothkopf§
Institute for Theoretical Physics, Department of Physics and Astronomy,
Heidelberg University, D-Heidelberg 69120, Germany
(Dated: October 15, 2018)
We investigate the real-time evolution of quarkonium bound states in a quark-gluon plasma in
one dimension using an improved QCD-based stochastic potential model. This model describes the
quarkonium dynamics in terms of a Schro¨dinger equation with an in-medium potential and two noise
terms encoding the residual interactions between the heavy quarks and the medium. The probabil-
ities of bound states in a static medium and in a boost-invariantly expanding quark-gluon plasma
are discussed. We draw two conclusions from our results: One is that the outcome of the stochastic
potential model is qualitatively consistent with the experimental data in relativistic heavy-ion colli-
sions. The other is that the noise plays an important role in order to describe quarkonium dynamics
in medium; in particular it causes decoherence of the quarkonium wave function. The effectiveness
of decoherence is controlled by a new length scale lcorr. It represents the noise correlation length
and its effect has not been included in existing phenomenological studies.
I. INTRODUCTION
Ultrarelativistic heavy-ion collisions are the only ex-
periments currently able to create the high-temperature
state of nuclear matter on the Earth. By colliding two
nuclei accelerated to almost the speed of light, the tem-
perature in the small collision volume of nuclear size
∼ (10 fm)3 reaches above 2 trillion kelvin (about 0.2
GeV) for a short period of time ∼ 10 fm/c. In such an
extremely hot environment, nuclear matter is expected
to take on the form of a strongly coupled plasma, com-
posed of quarks and gluons [quark-gluon plasma (QGP)
[1]], liberated from inside the nucleons. Evidence of
QGP formation in heavy-ion collisions at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Col-
lider (LHC) is being accumulated by combining various
indirect hadronic and leptonic signals [2].
Quarkonium is a bound state of a heavy quark pair (cc¯
charmonium, bb¯ bottomonium) and is an ideal probe to
signal the QGP formation [3]. The binding force of the
heavy quark pair in the vacuum is strong and reaches over
long distance. In QGP, however, the liberated quarks
and gluons screen the charges of heavy quarks and the
binding force gets short ranged. This led to the idea
that the heavy quark pair in QGP cannot be bound by
the weakened force and the number of quarkonium states
would decrease inside QGP [4]. Once a quarkonium state
cannot maintain itself, the heavy quarks diffuse indepen-
dently in the QGP. It is expected that when the heavy
quark density is high, though, there is yet a finite prob-
ability that initially uncorrelated heavy quarks form a
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quarkonium state at the freeze-out of QGP fireball via
recombination [5].
Experimental yields of Υ(bb¯) in Pb-Pb collisions at the
LHC [6–9] and of Υ [10, 11] and J/ψ(cc¯) [12–14] in Au-Au
collisions at the RHIC indeed show suppression compared
to that in proton-proton collisions scaled with the num-
ber of binary nucleon-nucleon collisions. Its magnitude
is more or less consistent with in-medium dissociation
of the quarkonia [15–24]. Interestingly, the yield of J/ψ
in Pb-Pb collisions at the LHC is less suppressed than
that in Au-Au collisions at the RHIC [25, 26]. Analysis
of charm quark chemical reactions in the QGP suggests
that recombination of initially uncorrelated charm and
anticharm quarks does play an important role for J/ψ
production in heavy-ion collisions [27–29].
Recently rapid theoretical progress has been made in
the quantum mechanical description of heavy quarks in
a QGP. A potential model picture for a heavy quark pair
matches our physics intuition even in a finite tempera-
ture environment. However, in a thermal environment,
the concept of potential itself is not obvious. The heavy
quark potential in the QGP is derived by properly inte-
grating out the QGP degrees of freedom. An important
observation was first made in analyses of the thermal Wil-
son loop that an imaginary part appears in the heavy
quark potential because of the scattering between the
heavy quarks and the plasma constituents [30–32]. There
are ongoing efforts in order to numerically compute this
quantity from lattice QCD simulations [33–36]. Then a
dynamical implementation of this complex potential in
the context of the Schro¨dinger equation was first given
by means of stochastic potential in which thermal noise is
added to a real valued potential [37]. The thermal noise
in the stochastic potential describes an effective coupling
between the heavy quarks and the plasma constituents.
In a broader perspective, the complex potential and its
dynamical implementation by a stochastic potential can
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2be consistently derived from QCD using the framework
of open quantum systems [38, 39]. Applications of the
theory of open quantum systems to heavy quark physics
in the QGP have also appeared in [40–46].
In this paper, we study how a quarkonium evolves in
such a stochastic potential. The noise in the stochastic
potential has a finite correlation length lcorr reflecting the
finite momentum transfer in a scattering process between
a heavy quark and a medium particle [37]. Perturba-
tive calculations show that the noise correlation length is
of the order of the screening length [38]. An important
effect of such a noise is the appearance of wave func-
tion decoherence. When the size of the quarkonium wave
function is larger than the correlation length, the wave
function is disturbed by uncorrelated noise and its coher-
ence is easily lost. On the other hand, when the quarko-
nium wave function is localized in a smaller size than
the correlation length, it remains almost undisturbed. In
a realistic event, quarkonia with different extent of wave
functions are present in a QGP fireball with continuously
decreasing temperature. To obtain an essential insight
into these intricate dynamics, we numerically investigate
the effect of decoherence caused by the stochastic poten-
tial in a simplified one-dimensional model of a static, as
well as a boost-invariantly expanding QGP.
The organization of this paper is as follows. In Sec. II,
we introduce the improved stochastic potential model,
which describes quarkonium dynamics in QGP. To illus-
trate the difference between the stochastic potential and
the complex potential, we subsequently discuss the de-
cay rate of quarkonium states. In Sec. III, we present
our numerical results in one dimension. The quarkonium
evolution in a QGP with a fixed temperature is studied in
Sec. III A and that in a boost-invariantly expanding QGP
with decreasing temperature is discussed in Sec. III B. We
summarize our analysis in Sec. IV.
II. STOCHASTIC POTENTIAL MODEL
First let us introduce the state-of-the art formulation
of the stochastic potential as derived from QCD [38].
Suppose that a heavy quark is located at x ≡ R + r/2
and a heavy antiquark at y ≡ R − r/2 in a hot QGP
medium. They are exposed to thermal fluctuations and
the strength of the potential between them is not only
weakened by screening but also fluctuates. These two
effects are described by a screened potential V (r) and
by a stochastic term Θ(r, t) in the Hamiltonian for their
relative motion1,
H(r, t) ≡ −∇2r/M + V (r) + Θ(r, t),
Θ(r, t) ≡ θ(R+ r/2, t)− θ(R− r/2, t). (1)
Here M is the heavy (anti)quark mass, and Θ is the sum
of noise terms for the heavy quark (θ(x, t)) and anti-
quark (−θ(y, t)). The microscopic origin of θ is the in-
teraction between the heavy (anti)quark and plasma con-
stituents and it models the effect of thermal fluctuations
which have been already integrated when deriving the in-
medium potential. The noise terms for the heavy quark
and antiquark in Θ(r, t) have different signs because they
represent opposite color charges. θ represents a Gaussian
white noise with finite correlation length:
〈θ(x, t)〉 = 0, (2a)
〈θ(x, t)θ(x′, t′)〉 = D(x− x′)δ(t− t′), (2b)
from which follows
〈Θ(r, t)Θ(r′, t′)〉 =2
[
D
(
r − r′
2
)
−D
(
r + r′
2
)]
× δ(t− t′) . (3)
Note that in previous works [37, 47] the expression for the
noise Θ was modeled based on intuition and not system-
atically derived. In the more recent systematic derivation
of the open quantum system approach to quarkonia from
QCD [38], it has been found that the noise Θ has to be
constructed from two noises for a heavy quark and anti-
quark.
Once time is discretized, the delta function δ(t − t′)
is expressed as δtt′∆t . Taking ∆t → 0, the noise scales as
(∆t)−1/2. The unitary evolution operator e−iH∆t for the
stochastic potential model naturally explains the com-
plex potential found in [30–32] while conserving the wave
function norm. The operator is expanded in terms of the
infinitesimal time ∆t,
e−i∆tH ' 1− i∆tH(r, t)− 1
2
(∆tΘ(r, t))
2
+O(∆t3/2)
≡ 1− i∆tHeff(r, t), (4)
and a stochastic Schro¨dinger equation for a quarkonium
wave function ΨQQ¯ is obtained,
i
∂
∂t
ΨQQ¯(r, t) = Heff(r, t)ΨQQ¯(r, t). (5)
1 Because it is based on the Hamilton formalism, the stochastic
potential cannot describe dissipation which becomes important
when the system approaches to equilibrium in a longer time scale.
3Using Heff , the evolution equation for the noise averaged
quarkonium wave function 〈ΨQQ¯〉 can be written as a
Schro¨dinger equation with a complex potential,
i
∂
∂t
〈ΨQQ¯(r, t)〉 = 〈Heff(r, t)〉〈ΨQQ¯(r, t)〉 (6)
=
[−∇2r/M + V (r)− i{D(0)−D(r)}] 〈ΨQQ¯(r, t)〉.
Note that the complex potential in the literature is ac-
tually defined using the time evolution of 〈ΨQQ¯〉 (not
ΨQQ¯) in the M → ∞ limit and its imaginary part does
not indicate the violation of unitarity.
By comparing the generators of the time evolution for
〈ΨQQ¯〉, we can match the stochastic potential model with
the underlying microscopic theory of QCD2. From the
stochastic potential model in the M →∞ limit, the gen-
erator reads
lim
M→∞
〈Heff(r, t)〉 = V (r)− i{D(0)−D(r)}, (7)
while that from microscopic theory is in general expressed
by a complex potential VRe(r) + iVIm(r) after taking the
Markovian limit and the matching conditions are
VRe(r) = V (r), (8a)
VIm(r) = D(r)−D(0). (8b)
We can immediately see that VIm(r = 0) = 0 must be
satisfied to be consistent with the stochastic potential. It
is natural to assume that the noise correlation vanishes
when separated by a long distance,
lim
r→∞D(r) = 0; (9)
therefore by matching, we get
D(r) = VIm(r)− lim
r→∞VIm(r). (10)
In leading order perturbative calculations for a QGP with
Nc colors and Nf flavors of massless quarks, the complex
potential is obtained as [30–32]
VRe(r) = −g
2CF
4pi
[
mD +
exp(−mDr)
r
]
, (11a)
VIm(r) = −g
2TCF
4pi
φ(mDr), (11b)
where CF = (N
2
c − 1)/2Nc, m2D = (Nc/3 + Nf/6)g2T 2,
and φ(x) is a monotonically increasing function of x:
φ(x) = 2
∫ ∞
0
dz z
(z2 + 1)2
[
1− sin(zx)
zx
]
, (12)
2 In leading order perturbation theory, a quantum master equa-
tion for the reduced density matrix of a quarkonium state may
be obtained, whose recoilless limit corresponds to the stochastic
potential model [38].The parameters of the stochastic potential
obtained in this fashion are identical to those obtained by match-
ing to the perturbative complex potential below.
with φ(0) = 0 and φ(∞) = 1. Here, a scale hierar-
chy T  1/r & mD is assumed. The complex potential
above implies for the stochastic potential having the fol-
lowing two features: (i) Color charges are screened with
a screening length 1/mD and (ii) the noise θ is corre-
lated over a correlation length ∼ 1/mD. The latter leads
to a new dynamical effect on a quarkonium: Wave func-
tion decoherence. It should be emphasized here that a
stochastic potential itself is a generic notion underlying
the in-medium complex potential and is not restricted
to the above scale hierarchy. In this paper, we adopt
Eq. (11) as a guideline to model the in-medium potential
even at temperatures close to the deconfinement transi-
tion.
The noise correlation length lcorr ∼ 1/mD introduces
a new scale for a quarkonium with a coherence length lΨ.
When the wave function is localized lΨ  lcorr, the noise
cannot recognize that there are two opposite charges
with separation lΨ and the wave function is undisturbed.
When the wave function is extended over a long distance
lΨ & lcorr, the noise recognizes the heavy quark and an-
tiquark and kicks them incoherently. In the former case
the quarkonium state remains virtually unchanged, while
in the latter case it is easily mixed with excited states.
Therefore, in addition to the static effects (such as melt-
ing) by a screened potential, decoherence provides an-
other dynamical mechanism for quarkonium suppression.
We see that in practice an intricate interplay between
screening and decoherence ensues, which also entails the
thermal excitation and deexcitation of states, all of which
modify the final yield of the individual bound states.
Let us comment on the difference between evolving
heavy quarkonium with a stochastic potential [37] and,
as has been done in the literature so far, with a complex
potential [15, 16]. To be specific, we compare the decay
rates of an initial state computed according to these two
approaches. We take the initial state to be an eigenstate
ϕn of the Hamiltonian without noise,[−∇2r/M + V (r)]ϕn(r) = Enϕn(r). (13)
In a single time step, the stochastic potential evolves ϕn
into ϕ(∆t) via
ϕ(r,∆t) = [1− i∆tHeff(r, t)]ϕn(r), (14)
and the corresponding occupation cn(∆t) is given by
cn(∆t) =
〈∣∣∣∣∫
r
ϕn(r)
∗ϕ(∆t, r)
∣∣∣∣2〉 (15)
'1− 2∆t
∫
r
(D(0)−D(r)) |ϕn(r)|2
+ (∆t)2
∫
r,r′
〈Θ(r, 0)Θ(r′, 0)〉|ϕn(r)|2|ϕn(r′)|2.
4The decay rate Γn ≡ −dcndt
∣∣
t=0
is obtained as
Γn =2
∫
r
[D(0)−D(r)] |ϕn(r)|2 (16)
− 2
∫
r,r′
[
D
(
r − r′
2
)
−D
(
r + r′
2
)]
× |ϕn(r)|2|ϕn(r′)|2.
The second term of the right-hand side in Eq. (16) orig-
inates from the correlations within the noise. Using the
complex potential, the decay rate is given only by the
first term. The second term vanishes due to the parity of
eigenstates and the two approaches give the same decay
rate 3. Even though the evolution starts with a com-
mon decay rate, the wave function evolves differently in
the two approaches. As we have seen, a wave function
evolved with the complex potential corresponds to an
averaged wave function evolved with the stochastic po-
tential. Therefore the occupation probability of any state
is always underestimated in the complex potential.
III. ONE-DIMENTIONAL NUMERICAL
CALCULATION
We solve the stochastic Schro¨dinger equation (5) nu-
merically and compute the survival probability of each
state. To demonstrate the effect of decoherence on
quarkonium bound states, it is sufficient to simulate
a one-dimensional system. We first consider a static
one-dimensional system in Sec. III A and subsequently a
Bjorken expanding system with decreasing temperature
in Sec. III B.
The numerical calculation is performed using an oper-
ator splitting method. The evolution operator from time
tn to tn + ∆t is given by
Utn→tn+∆t = e
−i∆tH
' UΘtn→tn+∆tU 〈H〉tn→tn+∆t +O(∆t3/2), (17)
where UΘtn→tn+∆t is a random phase rotation with spa-
tially correlated noise:
UΘtn→tn+∆t = exp [−i∆tΘ(x, tn)] , (18)
and U
〈H〉
tn→tn+∆t evolves the wave function with the Hamil-
tonian without noise 〈H〉 (not 〈Heff〉) using the Crank-
Nicolson scheme. Both UΘtn→tn+∆t and U
〈H〉
tn→tn+∆t are
3 When the system is composed of a heavy quark and antiquark
with different masses (M1 and M2), they are located at R+ sr
and R−(1−s)r with s ≡M1/(M1 +M2). In this case the decay
rates are always different in the two approaches.
manifestly unitary. In our numerical implementation for
bottomonium (charmonium), the one-dimensional spatial
axis −2.56fm ≤ x ≤ 2.56fm (−5.12fm ≤ x ≤ 5.12fm) is
discretized with 512 cells (1024 cells) of size ∆x = 0.01
fm and the wave function is updated 100000 times with
a time step ∆t = 0.0001 fm from t = 0 to t = 10 fm.
The spatial size of 5.12 fm (10.24 fm) is large enough to
accommodate bound state wave functions in our compu-
tations. We collect 1000 events and take their average to
produce the thermal ensemble average for each setup.
To simplify the modeling, we parametrize V (x) and
D(x) in such a way that their essential features are cap-
tured:
V (x) = −αeff
r
exp (−mD|x|) , (19a)
D(x) = γ exp
(−|x|2/l2corr) , (19b)
with parameters αeff , mD, γ, and lcorr. The values for
these parameters obtained in a perturbative calculation
are
αeff =
g2CF
4pi
, mD =
√
Nc
3
+
Nf
6
gT, (20a)
γ =
g2TCF
4pi
, lcorr ∼ 1
gT
. (20b)
We only evaluate the scaling with g and T for the noise
correlation length lcorr because the noise correlation D(x)
is not exactly a Gaussian function. In numerical calcu-
lations, the singularity of the Debye screened potential
at the origin x = 0 needs to be regularized. We de-
fine x˜(x) ≡ sgn(x)√x2 + 1/M2, with which the Debye
screened potential is regularized as V (x)→ V (x˜(x)).
A. Quarkonium in a static QGP
We here compute the time evolution of a bottomonium
wave function under the stochastic potential to investi-
gate the effects of decoherence. The mass of the bottom
quark and the parameters of the stochastic potential are
listed in Table I, which correspond to estimates for a
QGP at T = 0.4 GeV, a typical temperature in relativis-
tic heavy-ion collisions. We change the noise correlation
length lcorr = 0.04, 0.16, 0.32, 0.48, 0.96 fm to study how
the results depend on lcorr. When we take lcorr ∼ 1/T ,
lcorr is about 0.5 fm.
The initial wave function is chosen to be the ground
state in the (regularized) Debye screened potential
TABLE I. Mass and parameters in the model
M [GeV] αeff mD [GeV] γ [GeV] lcorr [fm]
4.8 0.3 0.4 0.012 0.04-0.96
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FIG. 1. Time evolution of the ground state occupation
probability in the stochastic potential model in a static QGP.
Both the initial state and the projected state are the ground
state in the Debye screened potential. The noise correlation
length ranges from lcorr=0.04 to 0.96 fm.
V (x˜(x)) in Eq. (19a). The radius, or the coherence length
lΨ, of the ground state is about 0.2 fm. The wave func-
tion is evolved by the stochastic Schro¨dinger equation
(5). In each event, we compute the occupation probabil-
ity of the ground state as a function of time, then take an
ensemble average over 1000 events. Note that with this
setup, the change in the occupation probability is solely
due to the noise term Θ.
Our results are shown in Fig. 1. We can clearly see
that the occupation probability of the ground state is
sensitive to the noise correlation length lcorr. When lcorr
is chosen at the upper end of the parameter range, the
initial ground state is only weakly affected by the noise.
On the other hand, when a shorter lcorr is chosen, the
initial ground state is easily excited by the noise and the
wave function becomes a mixture of the ground and ex-
cited states.4 The transition of these two regimes roughly
takes place at lcorr ∼ lΨ ∼ 0.2 fm.
Let us compare the evolution from the ground state
using the stochastic potential and the complex potential
as discussed in Sec. II. We choose the noise correlation
length lcorr=0.48, 0.16 fm. Note that the complex poten-
tial in this computation corresponds to VRe(x) = V (x˜(x))
and VIm(x) = D(x) −D(0) in Eq. (19a). The computa-
tion of the time evolution of the wave function under the
complex potential is carried out via the following proce-
dure: (i) The wave function is evolved by the stochas-
tic Schro¨dinger equation. (ii) We compute the averaged
wave function of 1000 events. (iii) Then we compute the
ground state probability. This procedure amounts to the
time evolution by 〈Heff〉, which is nothing but the evolu-
tion by the complex potential.
4 The dissipation might become relevant for shorter lcorr in a time
scale of 9 fm, but it is beyond the scope of our analysis.
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FIG. 2. Time evolution of the ground state occupation prob-
ability computed with the stochastic potential and complex
potential in a static QGP. Both the initial state and the pro-
jected state are the ground state in the Debye screened poten-
tial. The noise correlation length in the stochastic potential
is lcorr = 0.48, 0.16 fm.
The result is shown in Fig. 2. We find the fact that
initially the decay rate is the same between the two ap-
proaches but the occupation at later times is different
and that a smaller lcorr gives larger difference between
two potentials. As predicted, we numerically confirm
that the occupation probability is larger in the stochastic
potential than in the complex potential.
B. Quarkonium in a Bjorken-expanding QGP
In relativistic heavy-ion collisions, the system rapidly
expands and its temperature decreases in time. The sim-
plest model for such system is the boost-invariant one-
dimensional expansion, or the Bjorken expansion [48].
The temperature of a Bjorken-expanding QGP is given
as a function of time t,
T (t) = T0
(
t0
t0 + t
)1/3
. (21)
Here T0 is the initial temperature and t0 is the QGP for-
mation time after heavy ions have collided. We choose
T0 = 0.4 GeV and t0 = 1 fm, which are typical values
in relativistic heavy-ion collisions. In this calculation, we
study both bottomonium and charmonium. The heavy
quark masses and the parameters of the stochastic po-
tential are listed in Table II.
As the initial wave function, we chose either the ground
state, the first excited state, or the second excited state
of the vacuum Cornell potential,
Vvac(x) = −αeff|x| + σ|x|, (22)
with αeff = 0.3 and σ = 1 GeV/fm. Here again, we
regularize the singularity at the origin by Vvac(x) →
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FIG. 3. Time evolution of the occupation probability of quarkonium bound states (the ground, the first excited, and the
second excited states) in the stochastic potential model in a Bjorken-expanding QGP. Both the initial states and the projected
states are the bound states in the vacuum Cornell potential. The left figure shows the calculation for bottomonium and the
right for charmonium. For comparison purposes, we also plot the probability of the ground state from an evolution only with
the Debye screened potential, i.e. without noise (dashed lines).
TABLE II. Mass and parameters in the model
M [GeV] αeff mD γ lcorr
Bottomonium 4.8 0.3 T 0.3T 1/T
Charmonium 1.18 0.3 T 0.3T 1/T
Vvac(x˜(x)). The wave function is subsequently evolved by
the stochastic Schro¨dinger equation. In each event, we
compute the occupation probability of the initial wave
function as a function of time, then take an ensemble
average over 1000 events. In this computation, the po-
tential in the time evolution is V (x˜(x)) [eq.(19a)] and
it depends on time while the initial and the projected
states are defined from the vacuum potential Vvac(x˜(x)).
We choose these projected states because experimentally
observed particles should obey the Cornell potential in
the cold medium. Our results are shown in Fig. 3.
We can see that the shallower bound states are excited
and lost in shorter time scales within each quarkonium
species. The reason is that shallower bound states are
more extended and have larger radii, or longer coher-
ence length lΨ. Comparing nth states of bottomonium
and charmonium, we observe that the former decreases
more slowly because of their smaller radii. These features
qualitatively agree with the experimental data RAA in
relativistic heavy-ion collisions and the phenomenologi-
cal expectation of sequential modification [49].
Finally, let us estimate to what extent the noise Θ is es-
sential in the decrease of the initial bound states. For this
purpose, we start from the ground state of the Cornell
potential, evolve by the Schro¨dinger equation without
noise using only U
〈H〉
tn→tn+∆t, and compute the survival
probability of the ground state.
The results are also shown in Fig. 3 (dashed lines).
The bottomonium ground state stays almost unchanged
because it is so localized that it is bound essentially in
a Coulomb potential in the temperature range of our
study. The charmonium ground state occupation proba-
bility shows a nonmonotonic behavior as a function of
time. At first the Debye screened potential does not
have a long-distance attractive force so that the charm
and anticharm start to become separated. At later times
the temperature decreases, the Debye screening length
becomes longer, and the attractive force reaches out to
longer distances. Thus the charm and anticharm are
drawn to each other more closely, and the charmonium
wave function becomes more localized and has a larger
overlap with the initial ground state wave function.
Let us also compare the results with and without the
noise. For both bottomonium and charmonium ground
states, there is a significant deviation from the results
with the stochastic potential. In particular for char-
monium in the absence of noise, a replenishment of the
ground state sets in within t < 10fm, which is absent in
the presence of wave function decoherence. This demon-
strates explicitly that decoherence by noise represents
an important dynamical mechanism for quarkonium sup-
pression.
IV. CONCLUSION
In this paper, we studied the time evolution of a
quarkonium in one-dimensional QGP using an improved
stochastic potential model based on QCD. The stochastic
7potential is composed of a Debye screened potential and
a noise term, which possesses a finite correlation length
lcorr. The scale lcorr introduces a new dimension to the
quarkonium dissociation, namely wave function decoher-
ence. When the correlation length lcorr is much smaller
than the coherence length lΨ, or the radius, of a quarko-
nium wave function, the wave function acquires incoher-
ent phase rotations from the noise and is easily mixed
with excited states. In the opposite case where lcorr  lΨ,
the noises for a heavy quark and a heavy antiquark nearly
cancel and the wave function remains almost unaffected.
The transition of these two cases occurs at lcorr ∼ lΨ. We
numerically confirmed this behavior in Sec. III A for the
bottomonium ground state in a static QGP.
One crucial difference between the stochastic potential
compared to the complex potential is that the former
can define time evolution of a density matrix while the
latter cannot. This difference results in a discrepancy
in the evolution of the occupation probability of initial
bound states, which is calculated from the density ma-
trix. The probability calculated by the stochastic poten-
tial decreases more slowly than that calculated by the
complex potential. We demonstrated in Sec. III A that
this discrepancy can be sizable.
We also simulated the time evolution of a bottomo-
nium and a charmonium in a Bjorken-expanding QGP
using the stochastic potential model in Sec. III B. The ini-
tial wave functions we used were either the ground state,
the first excited state, or the second excited state in the
vacuum Cornell potential. The occupation probability of
the initial bound state during the evolution is computed
and found to be sensitive to the bound state radius, as
is expected from our study in Sec. III A. This tendency
agrees qualitatively with the results of RAA in relativis-
tic heavy-ion collisions. To identify the effect of noise,
we calculated the time evolution in the same setup us-
ing a potential without noise. Again we found significant
deviations between our results with stochastic potential
and those only with the screened potential and thus con-
firmed that the wave function decoherence provides an
important dynamical mechanism in the quarkonium sup-
pression.
Our numerical simulations point out that the time
evolution with the complex potential or only with the
screened potential predicts unreliable survival probabil-
ity of an initial bound state: The former, as depicted in
Fig. 2 underestimates the occupation probability, while
as in Fig. 3 the latter overestimates it. To understand
quarkonium production in relativistic heavy-ion colli-
sions in a quantitative way with a systematic connection
to QCD, wave function decoherence must be correctly
treated in phenomenological studies.
In the future, we extend our analysis to three-
dimensional space with a more realistic evolution of the
QGP and study what information about the dissociation
mechanism can be learned from the quarkonium yields in
the experiments. At the same time the stochastic poten-
tial approach may be extended beyond the color singlet
sector investigated here, by coupling explicit wave func-
tions for the color octet. In QCD with Nc colors, the
wave function for a heavy quark pair has color structure
in Nc ⊗ N∗c representation of SU(Nc) group. The noise
carries color charges θa (a = 1, 2, · · · , N2c −1) and rotates
the heavy quark colors by Θ(r, t) ≡ θa(R+r/2) [ta ⊗ 1]−
θa(R − r/2) [1⊗ ta∗], with ta being the su(Nc) algebra
in the fundamental representation. An implementation
of this extension, which was first discussed in [38], is
straightforward5. Finally, the effect of dissipation, which
has not been incorporated in our present analysis, is in-
vestigated in our future publication.
ACKNOWLEDGEMENTS
S.K., Y.A., and M.A. are thankful to Masakiyo Ki-
tazawa for a fruitful discussion. Y.A. thanks the Ger-
man Research Foundation (DFG) Collaborative Research
Centre at Heidelberg University for hospitality during his
stay for ISOQUANT Mini-Workshop Quarkonium Real-
time Dynamics in Heavy-Ion Collisions 2017. A.R. ac-
knowledges support by the DFG Collaborative Research
Centre SFB 1225 (ISOQUANT).
[1] K. Yagi, T. Hatsuda, and Y. Miake, Quark-Gluon
Plasma: From Big Bang to Little Bang (Cambridge,
2005).
[2] B. V. Jacak and B. Muller, Science 337, 310 (2012).
[3] G. Aarts et al., arXiv:1612.08032 [nucl-th].
[4] T. Matsui and H. Satz, Phys. Lett. B178, 416 (1986).
5 A corresponding master equation of the quarkonium states was
also first derived in [38] and describes the transitions between
color singlet and octet states. The short distance expansion of
D(r, s) in [38] has been recently reproduced by [44].
[5] P. Braun-Munzinger and J. Stachel, Phys. Lett. B490,
196 (2000), arXiv:nucl-th/0007059 [nucl-th].
[6] S. Chatrchyan et al. (CMS), Phys. Rev. Lett. 107, 052302
(2011), arXiv:1105.4894 [nucl-ex].
[7] S. Chatrchyan et al. (CMS), Phys. Rev. Lett. 109, 222301
(2012), arXiv:1208.2826 [nucl-ex].
[8] V. Khachatryan et al. (CMS), Submitted to: Phys. Lett.
B (2016), arXiv:1611.01510 [nucl-ex].
[9] B. B. Abelev et al. (ALICE), Phys. Lett. B738, 361
(2014), arXiv:1405.4493 [nucl-ex].
[10] L. Adamczyk et al. (STAR), Phys. Lett. B735,
127 (2014), [Erratum: Phys. Lett.B743,537(2015)],
arXiv:1312.3675 [nucl-ex].
8[11] A. Adare et al. (PHENIX), Phys. Rev. C91, 024913
(2015), arXiv:1404.2246 [nucl-ex].
[12] A. Adare et al. (PHENIX), Phys. Rev. Lett. 98, 232301
(2007), arXiv:nucl-ex/0611020 [nucl-ex].
[13] A. Adare et al. (PHENIX), Phys. Rev. C84, 054912
(2011), arXiv:1103.6269 [nucl-ex].
[14] L. Adamczyk et al. (STAR), Phys. Rev. C90, 024906
(2014), arXiv:1310.3563 [nucl-ex].
[15] M. Strickland, Phys. Rev. Lett. 107, 132301 (2011),
arXiv:1106.2571 [hep-ph].
[16] M. Strickland and D. Bazow, Nucl. Phys. A879, 25
(2012), arXiv:1112.2761 [nucl-th].
[17] B. Krouppa, R. Ryblewski, and M. Strickland, Phys.
Rev. C92, 061901 (2015), arXiv:1507.03951 [hep-ph].
[18] B. Krouppa and M. Strickland, Universe 2, 16 (2016),
arXiv:1605.03561 [hep-ph].
[19] T. Song, K. C. Han, and C. M. Ko, Phys. Rev. C85,
014902 (2012), arXiv:1109.6691 [nucl-th].
[20] A. Emerick, X. Zhao, and R. Rapp, Eur. Phys. J. A48,
72 (2012), arXiv:1111.6537 [hep-ph].
[21] K. Zhou, N. Xu, and P. Zhuang, Nucl. Phys. A931, 654
(2014), arXiv:1408.3900 [hep-ph].
[22] R. Rapp, D. Blaschke, and P. Crochet, Prog. Part. Nucl.
Phys. 65, 209 (2010), arXiv:0807.2470 [hep-ph].
[23] R. Sharma and I. Vitev, Phys. Rev. C87, 044905 (2013),
arXiv:1203.0329 [hep-ph].
[24] S. Aronson, E. Borras, B. Odegard, R. Sharma, and
I. Vitev, (2017), arXiv:1709.02372 [hep-ph].
[25] B. B. Abelev et al. (ALICE), Phys. Lett. B734, 314
(2014), arXiv:1311.0214 [nucl-ex].
[26] J. Adam et al. (ALICE), Phys. Lett. B766, 212 (2017),
arXiv:1606.08197 [nucl-ex].
[27] X. Zhao and R. Rapp, Phys. Rev. C82, 064905 (2010),
arXiv:1008.5328 [hep-ph].
[28] X. Zhao and R. Rapp, Nucl. Phys. A859, 114 (2011),
arXiv:1102.2194 [hep-ph].
[29] K. Zhou, N. Xu, Z. Xu, and P. Zhuang, Phys. Rev. C89,
054911 (2014), arXiv:1401.5845 [nucl-th].
[30] M. Laine, O. Philipsen, P. Romatschke, and M. Tassler,
JHEP 03, 054 (2007), arXiv:hep-ph/0611300 [hep-ph].
[31] A. Beraudo, J. P. Blaizot, and C. Ratti, Nucl. Phys.
A806, 312 (2008), arXiv:0712.4394 [nucl-th].
[32] N. Brambilla, J. Ghiglieri, A. Vairo, and P. Petreczky,
Phys. Rev. D78, 014017 (2008), arXiv:0804.0993 [hep-
ph].
[33] A. Rothkopf, T. Hatsuda, and S. Sasaki, Phys. Rev.
Lett. 108, 162001 (2012), arXiv:1108.1579 [hep-lat].
[34] Y. Burnier, O. Kaczmarek, and A. Rothkopf, Phys. Rev.
Lett. 114, 082001 (2015), arXiv:1410.2546 [hep-lat].
[35] Y. Burnier and A. Rothkopf, Phys. Rev. D95, 054511
(2017), arXiv:1607.04049 [hep-lat].
[36] P. Petreczky and J. Weber, arXiv:1704.08573 [hep-lat].
[37] Y. Akamatsu and A. Rothkopf, Phys. Rev. D85, 105011
(2012), arXiv:1110.1203 [hep-ph].
[38] Y. Akamatsu, Phys. Rev. D91, 056002 (2015),
arXiv:1403.5783 [hep-ph].
[39] H. P. Breuer and F. Petruccione, The theory of open
quantum systems (Oxford University Press, 2002).
[40] C. Young and K. Dusling, Phys. Rev. C87, 065206
(2013), arXiv:1001.0935 [nucl-th].
[41] N. Borghini and C. Gombeaud, Eur. Phys. J. C72, 2000
(2012), arXiv:1109.4271 [nucl-th].
[42] J.-P. Blaizot, D. De Boni, P. Faccioli, and G. Gar-
beroglio, Nucl. Phys. A946, 49 (2016), arXiv:1503.03857
[nucl-th].
[43] Y. Akamatsu, Phys. Rev. C92, 044911 (2015),
arXiv:1503.08110 [nucl-th].
[44] N. Brambilla, M. A. Escobedo, J. Soto, and A. Vairo,
(2016), arXiv:1612.07248 [hep-ph].
[45] D. De Boni, JHEP 08, 064 (2017), arXiv:1705.03567
[hep-ph].
[46] R. Katz and P. B. Gossiaux, Annals Phys. 368, 267
(2016), arXiv:1504.08087 [quant-ph].
[47] A. Rothkopf, JHEP 04, 085 (2014), arXiv:1312.3246
[hep-ph].
[48] J. D. Bjorken, Phys. Rev. D27, 140 (1983).
[49] F. Karsch, D. Kharzeev, and H. Satz, Phys. Lett. B637,
75 (2006), arXiv:hep-ph/0512239 [hep-ph].
